The potential for human adipose-derived mesenchymal stem cells (AMSC) to traffic into various tissue compartments was examined using three murine xenotransplantation models: nonobese diabetic/severe combined immunodeficient (NOD/SCID), nude/NOD/SCID, and NOD/SCID/MPSVII mice. Enhanced green fluorescent protein was introduced into purified AMSC via retroviral vectors to assist in identification of cells after transplantation. Transduced cells were administered to sublethally irradiated immune-deficient mice through i.v., intraperitoneal, or subcutaneous injection. Up to 75 days after transplantation, tissues were harvested and DNA polymerase chain reaction (PCR) was performed for specific vector sequences as well as for human Alu repeat sequences. Duplex quantitative PCR using human ␤-globin and murine rapsyn primers assessed the contribution of human cells to each tissue. The use of the novel NOD/SCID/MPSVII mouse as a recipient allowed rapid identification of human cells in the murine tissues, using an enzyme reaction that was independent of surface protein expression or transduction with an exogenous transgene. For up to 75 days after transplantation, donor-derived cells were observed in multiple tissues, consistently across the various administration routes and independent of transduction parameters. Tissue localization studies showed that the primary MSC did not proliferate extensively at the sites of lodgement. We conclude that human AMSC represent a population of stem cells with a ubiquitous pattern of tissue distribution after administration. AMSC are easily obtained and highly amenable to current transduction protocols for retroviral transduction, making them an excellent avenue for cell-based therapies that involve a wide range of end tissue targets. STEM CELLS 2007;25:220 -227 
INTRODUCTION
MSC were initially described as a population of colony-forming cells isolated from the bone marrow, capable of differentiation along osteogenic, chondrogenic, adipogenic, and myogenic lineages [1] [2] [3] [4] [5] [6] [7] . In the bone marrow, MSC create a "niche" microenvironment for the support of hematopoietic stem cells (HSCs) [8, 9] through integrin engagement, formation of extracellular matrix (ECM), and cytokine secretion (reviewed in [10] ). This ability to support hematopoiesis has been exploited in models of bone marrow transplantation using i.v. coadministration of either unmanipulated [11] [12] [13] [14] or gene-modified [15] [16] [17] MSC. Investigations into the post-transplant fate of marrow-derived MSC have shown evidence of homing to multiple organs in rodents, fetal sheep, nonhuman primates, and humans [18 -20] ; however, there is limited evidence for efficient rehoming to the marrow niche [21] .
In recent years, several investigators have identified similar populations of pluripotent mesenchymal cells resident in various tissue compartments, including dental pulp [22] , skeletal muscle [23] , bone [24, 25] , and adipose tissue [26 -28] . Adipose tissue compartments remain an especially attractive source of MSC due to their ease of harvest, clonogenic potential [29] , and robust proliferative capacity [30] . Although adipose-derived MSC (AMSC) retain the same degree of cell surface heterogeneity as cells isolated from the marrow, several investigators have identified consistent differences in cell surface molecule presentation which may influence in vivo trafficking [31] [32] [33] [34] . For this study, we have isolated a cell population from human subcutaneous fat that is highly enriched for AMSC consistently expressing the phenotype CD45 Ϫ , CD105 ϩ , CD44 ϩ , and CD271
ϩ . Here, we have used three strains of immune-deficient mice to examine the post-transplant fate of AMSC after i.v., subcutaneous, or intraperitoneal administration. Human AMSC were expanded ex vivo, retrovirally labeled to express enhanced green fluorescent protein (eGFP), and purified by fluorescenceactivated cell sorting (FACS) before transplantation into suble-thally irradiated nonobese diabetic/severe combined immunodeficient (NOD/SCID), NOD/SCID/MPSVII, or nude/NOD/SCID recipients. Animals were sacrificed at various time points up to 75 days after transplant, and both hematopoietic and nonhematopoietic tissues were harvested for evaluation of AMSC biodistribution and persistence of transgene expression. Results showed that regardless of the route of administration, infused human AMSC were able to migrate to a wide range of tissues and persist for the duration of the study. We found no evidence of significant clonal expansion within any organ examined, although endpoint explant cultures plated from different tissues demonstrated that both colony forming units-fibroblast (CFU-F) capacity and transgene expression were retained.
MATERIALS AND METHODS

AMSC
AMSC were obtained from elective liposuction patients as previously described [27] or, alternatively, from abdominal adipose samples removed during elective gastric bypass surgery, under approval of human subjects at the University of Southern California (Los Angeles) and at Washington University (St. Louis). After the surgical procedures, all samples were washed thoroughly with phosphate-buffered saline (PBS) (Invitrogen, Carlsbad, CA, http://www. invitrogen.com) followed by ECM digestion in 0.075% collagenase (Worthington Biochemical Corporation, Lakewood, NJ, http://www.worthington-biochem.com) for 30 minutes at 37°C. Digestion was neutralized with Dulbecco's modified Eagle's medium (Invitrogen) containing 10% fetal bovine serum (FBS) (HyClone, Logan, UT, http://www.hyclone.com). The digested adipose tissue was centrifuged at 1,200g for 10 minutes to obtain a cell pellet. The pellet was then resuspended and filtered through a 70-m nylon screen. Cells were then plated at a density of 1 ϫ 10 6 cells per tissue culture plate (diameter 100 mm) and maintained at subconfluence in Dexter's original medium (DOM) consisting of Iscove's modified Dulbecco's medium with 15% FBS (Atlanta Biomedical, Lawrenceville, GA, http://www.atlantabio.com), 15% donor horse serum (HyClone), 10 Ϫ4 M 2-mercaptoethanol (Sigma-Aldrich, St. Louis, http://www.sigmaaldrich.com), 10 Ϫ6 M hydrocortisone (Sigma-Aldrich), 50 U/ml penicillin, 50 g/ml streptomycin sulfate, and 2 mM L-glutamine (Invitrogen). Media were removed, and nonadherent cells were flushed away 12-18 hours later followed by refeeding with fresh media. With the exception of lineage differentiation conditions, cells were maintained at subconfluence by dissociation with 0.25% trypsin-EDTA (Sigma-Aldrich) and replating under the same culture conditions at a 1:4 dilution. Lineage differentiation was performed with the Poietics MSC differentiation media (Cambrex Bio Science Walkersville, Inc., Walkersville, MD, http://www.cambrex.com) according to the manufacturer's instructions to ensure multilineage differentiation ability.
Flow Cytometric Analysis/FACS
Cells maintained at subconfluence were harvested using enzymefree Cell Dissociation buffer (Invitrogen) and resuspended in 2.4G2 hybridoma (HB-197; American Type Culture Collection [ATCC], Manassas, VA, http://www.atcc.org) cell-free supernatant to block nonspecific Fc receptor binding. Cells were incubated with monoclonal antibodies against human CD11b, CD18, CD31, CD34, CD38, CD44, CD45, and CD54 (R&D Systems, Inc., Minneapolis, http://www.rndsystems.com), CD62L, CD90, CD105, CD106, CD117, CD133, CD144, CD166, CD271, and c-met (R&D Systems, Inc.), and Tie-2 and EPO-R (erythropoietin receptor; R&D Systems, Inc.). All antibodies were obtained from BD Biosciences (San Jose, CA, http://www.bdbiosciences.com) unless otherwise indicated. Cells were incubated with antibody for 30 minutes on ice, washed twice with PBS containing 2% FBS (HyClone), and resuspended in PBS. Flow cytometric analyses were performed using a Cytomics FC500 (Beckman Coulter, Fullerton, CA, http://www. beckmancoulter.com), and FACS was performed using a MoFlo High-speed Cell Sorter (Cytomation, Denver, http://www.globalspec.com/supplier/profile/cytomation).
Retroviral Constructs and Transduction
Retroviral vectors used for the initial transductions were based upon the LXSN backbone originally developed by A. Dusty Miller. More robust production of transgene was elicited from the use of the modified MND LTR developed in Donald Kohn's Vector Core Facility at Childrens Hospital of Los Angeles and characterized in several models [35] [36] [37] . The eGFP was inserted into the MND-X-SN backbone to enhance sorting and tracking ability.
Retroviral transduction was performed using vector-containing supernatant from the packaging cell line PA317 as previously described [38] . Briefly, PA317 cells were cultured to 80% confluence under standard conditions at 37°C and then transferred to 32°C for 48 hours. Cell-free supernatant was obtained from these cultures and immediately stored at Ϫ70°C until use. Retroviral titers were approximately 5 ϫ 10 6 infectious virions per milliliter assayed on human cell line HT29 (ATCC).
AMSC received three doses of retroviral supernatant at 24-hour intervals in the presence of 4 g/ml protamine sulfate (SigmaAldrich). At least 48 hours after transduction, cell cultures were sorted by FACS for eGFP expression. [39] , and extensive investigation by the group has shown this strain to be equally permissive for human cell engraftment.
Mice
Recipient mice received 300 rads of total body irradiation (TBI), followed by administration of MSC within 30 minutes. Mice were sacrificed, and tissues were harvested for analysis up to 75 days after transplantation.
DNA Extraction and Polymerase Chain Reaction Analysis
Genomic DNA for polymerase chain reaction (PCR) analyses was obtained from tissues by phenol chloroform extraction after a Proteinase K digestion as previously described [40] . The DNA concentration and purity were determined by optical density using a Nanodrop spectrophotometer (NanoDrop Technologies, Wilmington, DE, http://www.nanodrop.com) followed by standard DNA PCR or real-time quantitative PCR analysis (TaqMan technology and ABI PRISM 7300; Applied Biosystems, Norwalk, CT, http:// www.appliedbiosystems.com). Tissues were assessed for the presence of the retroviral-specific eGFP transgene using eGFP forward 5Ј-TACGGCAAGCTGACCCTGAAGTTC and reverse 5Ј-CGTC-CTTGAAG AAGATGGTGCG primers or the neo cassette forward 5Ј-ATGCTCTTCGTCCAGATCAT and reverse 5Ј-AAAGTATCC-ATCATGGCTGAT primers. Both PCR protocols include an initial denaturing step at 95°C for 5 minutes and consist of 30 cycles. The protocol for eGFP is 94°C for 1 minute, 57°C for 2 minutes, and 72°C for 2 minutes, and the protocol for neo PCR is 94°C for 5 minutes, 58°C for 2 minutes, and 72°C for 2 minutes. All samples were run in duplicate with a control sample to amplify the murine ␤-actin gene. ␤-Actin controls were run under the same conditions as the primary PCR using the primers 5Ј-TGACGGGGTCACCCA-CACTGTGCCCATCTA and 3Ј-CTAGAAGCATTTGC GGTG-GACGATGGAGGG.
Quantitative duplex PCR (QPCR) was performed as previously described [11] . Briefly, human ␤-globin forward primer 5Ј-GTG-CACCTGACTCCTGAGGAGA-3Ј and reverse primer 5Ј-CCTT-GATACCAACCTGCCCAG-3Ј were used in conjunction with the probe 5Ј-FAM-AAGGTGAACGTGGATGAAGTTGGTGG-TAMRA-3Ј. As described, the murine rapsyn gene was also amplified to assess the contribution of human cells in each tissue. The primers for the rapsyn gene were forward 5Ј-ACCCACCCATCCT-GCAAAT-3Ј and reverse primer 5Ј-ACCTGTCCGTGCT GCA-GAA-3Ј with an appropriate probe as determined using Primer Express software (Applied Biosystems, Foster City, CA, https:// www2.appliedbiosystems.com). For all analyses, calibration curves for each product demonstrated greater than 95% amplification efficiency and greater than .97 correlation (r 2 ). QPCR controls included a no-template control, human MSCs only, and extracted organs from irradiated, but not transplanted, animals.
For calculations of organ cellularity and absolute donor cell contributions, DNA was extracted from tissue samples and multiplied by the sample fraction of the total tissue wet weight. Cells were assumed to have an average 6-pg DNA for determination of total organ cellularity. Donor cell frequencies were obtained from the above QPCR protocol.
Detection of Human Cells: Tissue Analyses
For cytospin slides, tissue samples were mechanically dissociated with tissue homogenizers in a PBS-based solution of 100 mM EDTA and 0.25% Typsin into single-cell suspensions. These homogenates were filtered through a 70-M sterile mesh filter, diluted to 1 ϫ 10 6 cells per milliliter in 50% FBS, and then centrifuged onto slides using 3 minutes of rotation at 700 rpm. Samples were visualized without fixation under a fluorescence microscope for eGFPpositive cells.
For explant cultures, mouse tissues were mechanically dissociated in the presence of 0.075% collagenase (Worthington Biochemical Corporation), 0.25% trypsin (Sigma-Aldrich), and 1 mM EDTA (Sigma-Aldrich) at 37°C for 1 hour, followed by filtration through a 70-m nylon filter screen and plating onto a T75 flask in complete DOM at a density of approximately 1 ϫ 10 6 cells per cm 2 . Twelve to 24 hours after plating, nonadherent cells were gently rinsed off, and selection conditions were introduced to the explant cultures using 0.75 mg/ml active G418 (geneticin; Invitrogen) for a selection period of 7-10 days based on 100% killing of nontransduced parallel cohorts. CFU-F from these cultures were enumerated for comparison with data obtained using QPCR.
RESULTS
AMSC Culture and Transduction
AMSC cultures obtained from liposuction aspirates, subcutaneous adipose tissue, and gastric bypass surgeries from 11 individual donors were statistically indistinguishable from each other by all assays, and thus, results were combined throughout this study. Lipoaspiration donors in our study yielded approximately 17 g of raw material producing an average of 1.5 ϫ 10 7 total mononuclear cells (MNCs) after density centrifugation. This variability results from unavoidable fluctuations in the aspiration procedure itself, as well as individual patient variability. Similar numbers of both raw material and MNC yield were maintained in samples obtained through resection during elective gastric bypass surgery, again with minor fluctuations due to the procedure itself. From this MNC isolation, 5 ϫ 10 4 cells are plated per cm 2 in tissue-culture dishes, resulting in 10 -20 CFU-F colonies per dish after 5 days. Interestingly, the CFU-F formation rate in our experience does not necessarily correlate with the MNC cellularity of the sample. We attribute this, again, to variability in the aspiration procedure itself and to the introduction of peripheral blood into the adipose sample. Cells from this first adherence were dissociated and replated at a density of approximately 3.5 ϫ 10 3 cells per cm 2 , with a 75% confluence attained at approximately 1.6 -2.0 ϫ 10 4 cells per cm 2 . At no time during this study were MSC allowed to form sheets of confluent monolayer. As shown in Table 1 , initial cultures were highly heterogeneous, containing an average of 38.7% Ϯ 12.4% (mean Ϯ SEM) CD45 ϩ hematopoietic cells. These first passage cultures began log-phase proliferation within 4 days and then maintained a population doubling time of 76 Ϯ 7.2 hours. Transduction conditions (as described in Materials and Methods) were initiated at first passage, with sham-transduced cohorts in parallel. CFU-F frequency and lineage differentiation capacity were compared between donors and between transduced and sham-treated cohorts within each donor set. Limiting dilution cultures revealed donor variability in CFU-F generation; however, both CFU-F frequency and lineage potentiality were in range of previously reported values [27, 29] and showed no effect from the retroviral transduction protocol. After three cycles of virus administration, cultures were returned to complete DOM and allowed to rest at least 48 hours before flow cytometric analysis and purification. Transduction efficiencies ranged from 28% to 46% of the bulk culture, with no statistically significant difference in the CD45
ϩ subset of cells. At passage 4, cells were highly enriched for MSC, containing 97.3% Ϯ 2.2% CD44 ϩ cells and showing 10-fold enrichment in both CD105 ϩ and CD271 ϩ cells (Table 1 ). In agreement with previously published results, MSC do not express CD45 [5, 6, 27] and rapidly lose expression of CD34 during culture [41] . AMSC were FACS-sorted for eGFPexpressing cells and contained greater than 97% purity for CD45 Ϫ cells that expressed CD44, CD271, and CD105. FACSsorted cells were either administered at 1 ϫ 10 6 cells per animal into sublethally irradiated recipients or returned to culture for lineage differentiation assays and transgene expression studies.
NOD/SCID Strain Variants
The NOD/SCID strain variants were selected as recipients for specific benefits provided by their mutations. Since its original description [42] , the NOD/SCID animal has become a widely used model in hematopoietic transplant biology. However, NOD/SCID animals typically succumb to an EMV-30 provirusrelated thymic lymphoma that shortens their lifespan to an average of 8.5 months. After the rigors of radiation and transplantation, we found this lifespan to be further decreased to the point that survival past 60 days after transplantation was not reliable. The nude/NOD/SCID strain variant was created in our laboratory through successive crossing of NOD-LtSz-scid/scid to Foxn nu /Foxn nu animals. This selective breeding was designed to displace the EMV-30 provirus found in the NOD/SCID chromosome 11 with two copies of the nude gene, also located on chromosome 11. The nude/NOD/SCID thus retains a severe immune defect and its concomitant permission of human cell xenotransplant, without the life-shortening propensity for thymoma. As shown in Table 2 , the nude/NOD/SCID provided equivalent engraftment potential compared with the NOD/ SCIDs with an increased lifespan to allow accumulation of data at later time points. The NOD/SCID/MPSVII variants have been previously characterized as an equivalent model to the traditional NOD/ SCID for hematopoietic transplantation, with the benefit of unequivocal identification of donor cells without reliance upon cell surface protein expression [39, 43] . We and others have observed that MSC can both downregulate and modulate their presentation of many cell-surface molecules, including major histocompatibility complex and human leukocyte antigen-related proteins [21, 44 -46] . In one extensive study by Smith et al. from Darwin Prockop's group [47] , more than 200 commercial antibodies were screened against developing MSC in vitro without identification of an exclusive, consistent marker of primitive MSC. Because of this ambiguity, we chose to identify donor cells using the biochemical detection of ␤-glucuronidase, the enzyme that is missing in the NOD/SCID MPSVII strain.
Detection of Transgene: Cytospin Analysis
Expression of eGFP from the modified MND promoter provides robust (Ͼ2 log increase mean fluorescence intensity by FACS) signal with no evidence of methylation-based silencing in several model systems to date [35, 48] . In vitro cohorts were maintained in parallel to transplants to monitor persistence of transgene expression through greater than 20 population doublings. Cytospin analyses were performed from mechanically dissociated tissues harvested at day 75 to confirm retained expression of eGFP post-transplant (Fig. 1) given that the frequency of engrafted human cells was below a limit detectable using flow cytometry. Unfixed cytospin assays were employed to eliminate possible artifact from frozen tissue section autofluorescence, and all cytospins were compared with matched organs from irradiated, nontransplanted animals. Human eGFP-bright cells were observed in the brain, heart, liver, lung, kidney, and omental fat of the majority of animals tested at day 30, regardless of the route of administration ( Fig. 1; Table 2 ).
Explant Culture
At all time points, mechanically dissociated organs were filtered and single-cell suspensions were generated for bulk plating.
Adherent monolayers from these ex vivo cultures were selected using G418 as outlined above, and at all time points, eGFPpositive CFU-F were observed at a very low frequency (data not shown). CFU-F were scored as cells able to give rise to discrete colonies of greater than 40 cells. Post-transplantation explant cultures produced minimal CFU-F colonies from all organs, and although the colonies produced met our requirement of greater than 40 cells per CFU-F, none of the explant culture CFU-F colonies was able to robustly proliferate into sufficient cells for extensive multilineage analysis. Although pretransplant lineage potential analysis showed this population of AMSC to generate approximately 1 CFU-F per 5,000 total MNCs, explant cultures revealed a significant decrease in this frequency, generating an average of approximately 1 CFU-F per 15,000 recovered AMSC, based on QPCR data on AMSC per organ divided by the average total cellularity of each organ. This deficiency in colony-forming ability could be the result of the extensive manipulation of cells during explant isolation, apoptotic signaling from the massive cell death during selection, or a number of factors encountered during the transplant or culture period. Of the minimal CFU-F colonies produced, only limited staining for osteogenic or adipogenic potential could be performed using alkaline phosphate (AP) activity and oil red O, respectively. Minimal cell numbers prevented the generation of high-density cell pellets currently required for cell consolidation and chrondrogenesis. These limited studies showed that approximately 50% of the recovered CFU-F were able to display AP activity and that approximately 30% of the clones stained positive by oil red O, consistent with our previously reported potentiality from AMSC [27] . In summary, the ability of the CFU-F recovered from tissues to persist in vitro for several passages after explant suggests that the self-renewal capacity of the AMSC was not exhausted, although conditions for their proliferation both in vivo and in vitro were not optimal.
DNA PCR for eGFP
Portions of excised organs were collected and snap-frozen on liquid nitrogen. Extracted DNA was assayed using DNA PCR against the eGFP transgene at 30, 45, and 60 days for NOD/ SCID and NOD/SCID/MPSVII mice, while the extended lifespan of the nude/NOD/SCID strain allowed these experiments to progress to day 75. Given the extensive characterization of the NOD/SCID/MPSVII strain by Hofling et al. [39, 43] and Young et al. [49] and statistically indistinguishable results in these experiments, NOD/SCID and NOD/SCID/MPSVII ani- The number of animals per cohort that tested positive for eGFP DNA at each time point is shown. All mice received 1 ϫ 10e 6 transplanted human adipose MSC via i.v., i.p., or s.c. injection after 300 rads sublethal total body irradiation. The table shows data for NOD/SCID animals up to 60 days post-transplantation and for nude/NOD/SCID mice up to 75 days post-transplantation. Abbreviations: NOD/SCID, nonobese diabetic/severe combined immunodeficient; NNS, nude/nonobese diabetic/severe combined immunodeficient.
mals were combined in these data sets. As shown in a representative eGFP PCR from two nude/NOD/SCID animals ( Fig.  2) , dissemination of transplanted human AMSC was widespread and showed variable biodistribution, even bilaterally between brain hemispheres of the same animal (Fig. 2, lanes 8 and 9) . This variability was seen consistently in all transplant regimens, even when the same donor product was administered to different animals. In this example, the esophagus, adrenal glands, kidney, and bladder displayed a stronger signal in one mouse than the other, although both received identical products and routes of administration (Fig. 2) . Similarly, weak signals were detected in the stomach and pancreas of mouse A, but not B, and in the uterus of both animals. Table 2 shows a compilation of animals assayed for the eGFP transgene from the grouped NOD/SCID and nude/ NOD/SCID experiments, illustrating the different routes of administration and time points post-transplantation. Although the human cells had trafficked to various organs, we were unable to detect AMSC in the peripheral circulation at any time point collected. Small numbers of circulating MSC have been detected by other investigators at early time points, using a nonhuman primate model with large numbers of infused cells [50] ; however, the mechanisms surrounding this observation have not been described. In accord with other studies involving human xenotransplantation in rodents, we did not observe rehoming of the transplanted cells to the marrow niche at any time point.
In Situ Tissue Analysis
As noted previously, autofluorescence of frozen tissue sections obscured identification of eGFP fluorescence. To detect resident human cells within the tissue architecture, we examined frozen sections of NOD/SCID/MPSVII organs using a biochemical assay exploiting the activity of ␤-glucuronidase, the enzyme that is absent in this mouse model. The use of a napthol-AS-BI-␤-D-glucuronide substrate as previously described [39] results in deposition of a bright red color over any enzymatically normal cell. Methyl-green counterstaining of nuclei allowed enumeration of donor cells per field using light microscopy (Fig. 3) . Figure 3A shows a ϫ10 field from a transplanted NOD/SCID/MPSVII kidney section, demonstrating the sparse distribution of human AMSC. The same low-level seeding was observed in all tissues observed, with the highest cell counts observed in lung at the 30-day time points (Fig. 3B) . This method of cell detection was used to screen for clonal expansion of AMSC at the site of lodgement and was preferable to traditional immunostaining techniques due to its resistance to background and nonspecific staining in difficult organs such as spleen and liver (Fig. 3C, 3D ). These images are representative of ϫ10 fields containing positive events and do not indicate this frequency of events in every section of each tissue. The frequencies of both total donor cells per organ and CFU-F-competent cells per organ were determined precisely using QPCR and explant culture under drug selection; however, the observed positive events by biochemical detection were correlative with the number obtained through these other methods.
Quantitation of Human Cells
A duplex QPCR system was used to quantify the contribution of human cells per organ through simultaneous detection of the murine rapsyn and human ␤-globin genes [11] . Nontransduced AMSC were transplanted into five sublethally irradiated nude/NOD/SCID animals via intraperitoneal injection with two control transplants that had received AMSC without radiation conditioning. Animals were sacrificed at 75 days, followed by harvest of peripheral blood, bone marrow, spleen, pancreas, kidney, liver, lung, muscle, brain, and heart. Organs were mechanically dissociated and homogenized, and DNA was extracted, and 100 ng per organ was used for QPCR. Absolute standard curves were generated for evaluation of QPCR results using replicates of 10-fold dilutions of both human and murine DNA within purified extracted DNA from the opposite species. In this fashion, we were able to detect as little as 0.005 ng of either species' DNA within 100 ng of total DNA from the alternate species. Given an average of 5 pg of DNA per cell, this represents the detection of one cell per 100,000, or approximately (Fig. 4) . Absolute human donor cell contribution per organ was calculated as described in the Materials and Methods to estimate total persisting AMSC and to further rule out the possibility of extensive peripheral proliferation (Table 3) .
It was possible to detect transplanted MSC in animals that had not received irradiation; however, the levels were below the limit of quantitation using our QPCR strategy in most tissues. Significant seeding was seen in the lung after transplant and was presumed to be a filtration phenomenon as opposed to a specific migration to this area, a hypothesis supported by histological examination of lung sections from control transplants (data not shown). The results show a wide range of human cell dispersal in all tissues tested, with the notable exceptions of peripheral blood and bone marrow. As suggested by the eGFP PCR data, the highest levels of human cell contribution were found in the lung (36.95 Ϯ 5.039) and spleen (15.07 Ϯ 0.5934), with minimal contribution to the heart and skeletal muscle (1.552 Ϯ 0.09385 and 0.07588 Ϯ 0.5597, respectively). Consistent with the results in Table 2 , the contribution to the same tissues by the same input donor cells varied widely between transplant recipients (Fig. 4) . Taken together, these two data sets indicate that the transduction protocol did not affect the differential tissue repopulation in this transplant model.
DISCUSSION
The results of our investigations indicate that we have isolated a population of AMSC that are very similar to traditional bone marrow-derived MSC in phenotype, potentiality, and migration kinetics in vivo. Although several investigators have reported the ability of MSC to engraft in certain experimental models including rodents [11, 51] , fetal sheep [52] , and baboons [19, 50] , this is the first study to our knowledge to quantify the contribution of human AMSC to various tissues after transplantation in an immune-deficient mouse model. Mechanisms directing the in vivo homing and engraftment of adipose-derived stem cells are not well described and certainly depend on complex interactions between many signaling events. Our data suggest that there is no significant difference in the tissue distribution observed after human AMSC are introduced via any of the three routes of administration tested. This particular result provides an interesting comparison with previous work done in rodent systems examining the distribution and homing of MSCs to various tissue beds. Reports from Gao et al. [53] and Rombouts et al. [54] have demonstrated the efficient trafficking of rodent MSCs to various target organs after transplantation, with a major portion of the input cells retained in the lung. Although this data correlates nicely with our findings, the rodent transplant regimens employed in these studies allowed not only trafficking to multiple tissue beds, but also the return of MSCs to long bones, a result we could not observe in the human xenotransplantation system. The paper by Rombouts et al. [54] also discovered a defect in marrow rehoming after MSC expansion in culture. Although our preliminary studies with freshly isolated human AMSCs were unable to observe marrow rehoming in the rodent (data not shown), the widespread distribution of human cells further suggests that even culture-expanded human AMSCs have the ability to navigate in vivo either intravenously or extravascularly and that there are not significant microenvironmental differences in the strains of mice tested to affect this trafficking.
When compared with existing data in the field, our results suggest that the cell surface phenotype differences between adipose-derived and marrow-derived MSCs do not affect the tissue biodistribution to a significant degree, at least at the time points collected. It is possible that the differences in cell surface protein expression have consequences on the early kinetics of MSC dispersal; however, a more basic question still unanswered is whether the trafficking to various tissues is governed by cell autonomous or stochastic processes. In our model, the tracking of AMSCs may be influenced by the administration of TBI. The inability of NOD/SCID strains to deal efficiently with the DNA damage from radiation may cause global inflammatory and cytokine responses that are influencing human cell migration.
Although the AMSC repopulation observed in our studies is not robust in the same manner as a hematopoietic graft, our results have implications for the utility of AMSCs in gene therapy or cell-based therapy applications. Gene-modified AMSCs in this study maintained transgene expression for 75 days and retained their lineage differentiation ability through the transduction protocol. The primary purpose of the marker gene was to demonstrate the ability of MSCs to maintain transgene expression after transplantation and seeding into multiple diverse tissue types. A major limitation in HSC therapy has been the inefficiency of gene transfer protocols into the quiescent stem cell pool to achieve a durable engraftment of corrected cells. This study demonstrates the potential cell therapy utility of easily obtained human MSCs to accept a retroviral transduction, maintain transgene expression, and remain viable in multiple tissue types for an extended period of time. Furthermore, the level of engraftment observed may be sufficient in certain models of disease or injury. Studies on osteogenesis imperfecta by Horwitz et al. [55] have demonstrated cross-correction of disease with detection of less than 2% donor-derived cells.
Bartholomew et al. [56] have described the utility of MSCs in immunomodulation and skin graft survival using a nonhuman primate model with low levels of reported engraftment. Finally, Koc et al. [57] have demonstrated clinical benefit in treatment of lysosomal and peroxisomal deficiencies after infusion of MSCs, without replacement of the marrow niche by donor cells. Our laboratory, and others, have shown marrow-derived MSCs to be highly useful in cotransplantation studies with small numbers of highly purified HSCs, particularly when genetically engineered to secrete supraphysiological levels of protein [16, 17, 58] .
Our studies demonstrate that AMSCs possess many of the same phenotypic and functional attributes of bone marrowderived MSCs. Transplantation into three different strain variants of NOD/SCID immune-deficient mice resulted in widespread distribution of donor human cells into multiple organs, regardless of the route of administration or cell culture manipulation for retroviral insertion. The transplanted human AMSCs were able to persist in these tissues for up to 75 days and retained their multilineage potential and clonogenic capacity. AMSCs that received retroviral vectors retained their transgene expression for the duration of this experiment and were qualitatively indistinguishable from nontransduced cells. Finally, previously reported differences in cell surface protein expression compared with marrow-derived MSCs did not significantly influence the in vivo migration after transplant into immunedeficient mice. In total, these data provide evidence supporting the suitability of AMSCs in cellular therapy or gene therapy applications that would benefit from widespread tissue distribution of autologous engineered or normal donor-derived stem cells.
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